The surface accessibility of macromolecules plays a key role in modulating molecular recognition events. RNA is a complex and dynamic molecule involved in many aspects of gene expression. However, there are few experimental methods available to measure the accessible surface of RNA. Here, we investigate the accessible surface of RNA using NMR and the small paramagnetic molecule TEMPOL. We investigated two RNAs with known structures, one that is extremely stable and one that is dynamic. For helical regions, the TEMPOL probing data correlate well with the predicted RNA surface, and the method is able to distinguish subtle variations in atom depths, such as the relative accessibility of pyrimidine versus purine aromatic carbon atoms. Dynamic motions are also detected by TEMPOL probing, and the method accurately reports a previously characterized pH-dependent conformational transition involving formation of a protonated C-A pair and base flipping. Some loop regions are observed to exhibit anomalously high accessibility, reflective of motions that are not evident within the ensemble of NMR structures. We conclude that TEMPOL probing can provide valuable insights into the surface accessibility and dynamics of RNA, and can also be used as an independent means of validating RNA structure and dynamics in solution.
INTRODUCTION
Surface accessibility plays a key role in delineating molecular interactions. However, accessible surface areas, calculated on the basis of static 3D structures, may not accurately describe the effective atom exposure to the bulk solution. In fact, dynamic features such as local flexibility (1, 2) , and/or hydration shell motions (3) (4) (5) , have been observed to modulate surface accessibility in proteins.
Experimental studies on protein dynamics are, indeed, important in structural biology, and complement the otherwise 'static' view of molecular structure. In this respect, soluble paramagnetic probes have been shown to be useful in obtaining insight into processes regulating protein surface accessibility. In multidimensional NMR spectra, soluble paramagnetic molecules cause distancedependent paramagnetic relaxation enhancement (PRE), manifested as line broadening and attenuation of crosspeak intensity. The extent of attenuation depends upon the local concentration of the paramagnetic probe. Thus, higher atom exposures result in higher degrees of paramagnetic attenuation (6, 7) . Recently, PRE studies have been widely applied in the investigation of protein-ligand (3), protein-protein (8) (9) (10) (11) and protein-DNA(12) interactions, as well as in the localization of protein active sites (1, 3, 5, 6, 13, 14) . PRE studies are capable of efficiently detecting transient intermediates and short-lived encounter complexes that may otherwise go undetected by other methods (11, 12) .
The absence of strong interactions between biomolecules and paramagnetic probes is a prerequisite for probing surface accessibility. In the past few years, four paramagnetic agents with different sizes and chemical characteristics have been selected to fulfill this requirement: TEMPOL (3, 5, 6, 7, 15) , Gd(III)DTPA-BMA (16), Gd 2 (L7)(H 2 O) 2 (10) and O 2 (2) . Among these probes, TEMPOL has been used most extensively in protein accessibility studies, and a large amount of data on the mechanisms modulating the TEMPOL approach on protein surfaces is available (3, 5, 7, 10, 15, 16) . TEMPOL is soluble and small, with a radius of 3.7 Å ( Figure 1A ). Thus, TEMPOL is small enough to enter the narrow major groove of an RNA helix, and is therefore an ideal probe for investigating the surface accessibility of RNA. The paramagnetism of TEMPOL is due to the unpaired electron on the nitroxide group ( Figure 1A) , which induces fast relaxation of nuclear spins through electron-nuclear dipole-dipole coupling. In the absence of specific interactions, TEMPOL approaches a molecular surface randomly, and thus the paramagnetic nitroxide group can be considered to be at the center of a sphere with a radius of 3.7 Å (the radius of TEMPOL). The paramagnetic effect of TEMPOL is exerted in a distance dependent, through-space manner, with >90% of relaxation induced through distances of 10 Å or less from the paramagnetic center (7) .
Here, we show that TEMPOL induced PRE is a facile method that can be used to investigate the surface accessibility of RNA. For stable helical regions of RNA, there is excellent agreement between the surface accessibility and the position of the atom within the structure. Furthermore, we show that the method is capable of detecting dynamic conformational transitions. Some dynamic regions result in higher levels of PRE than would be predicted from the corresponding ensemble of NMR structures, suggesting that the method detects transient conformational dynamics that are 'invisible' with respect to the NMR-derived structures. Therefore, TEMPOL probing provides a facile way to independently validate and complement RNA structure models and dynamic measurements.
MATERIALS AND METHODS

Sample preparation and NMR measurements
The investigated RNA's, whose sequences are shown in Figure 1 , were prepared by in vitro transcription as previously described (17, 18) . All NMR samples were $1 mM in D 2 O. The pH was adjusted to 6.8 for the HIV-1 RNA, and 8.0 and 5.7 for the U6 ISL RNA NMR samples. Paramagnetic samples contained an optimal 20 mM TEMPOL (4-hydroxy-2,2,6,6-tetramethylpiperidine-1 oxyl, 97% purity, Sigma-Aldrich) concentration, which was achieved by adding directly to the NMR tube a few microliters of a 2 M TEMPOL solution. Stock TEMPOL solutions were prepared by directly dissolving TEMPOL into 99.9% D 2 O to a final concentration 2 M.
Since denaturing effects of TEMPOL on RNA structures could not be excluded a priori, after each addition of a 2 M solution of TEMPOL to the $1 mM RNA solutions, 2D TOCSY spectra were recorded to check for chemical shift differences due to TEMPOL. No significant chemical shift changes upon TEMPOL addition were observed.
Conventional 2D TOCSY (40 ms mixing time), NOESY (150 ms mixing time) and 1 H-13 C HSQC spectra were acquired at the National Magnetic Resonance Facility at Madison (NMR-FAM) on Bruker DMX 600 and 750 MHz spectrometers. Data processing was carried out using XWINNMR 2.6 software (Bruker Biospin). Resonance assignments were performed on the basis of previously reported NMR data (BMRB entries: 5371, 5703, 5834, 6320 and 6543) (17) (18) (19) (20) (21) . Resonance assignments were nonetheless accurately checked for diamagnetic and paramagnetic samples by standard procedures based on TOCSY and NOESY experiments.
Cross-peak volumes were measured with a greater than 90% confidence level using the Sparky integration tool (http://www.cgl.ucsf.edu/home/sparky).
Cross-peak attenuations
The cross-peak volumes were autoscaled according to the relation (13):
where i p,d is the autoscaled volume of peak i from the paramagnetic or diamagnetic spectra, V i p,d is the measured peak volume from the paramagnetic or diamagnetic spectra, and n is the number of peaks measured. Hence the autoscaled volume is equal to the measured volume divided by a scaling factor corresponding to the mean cross-peak volume over n molecular locations. Paramagnetic attenuations, A i 's, were calculated from the autoscaled diamagnetic and paramagnetic peak volumes, respectively, d and p , according to the relation (13):
Depth index calculation
The 3D atom depths, reported as depth indexes D i,r 's, were calculated on the basis of the NMR solution structures (PDB codes: 1PJY, 1SY4, 1SY7) (17, 20, 21) using the SADIC software (22) . For each RNA, reported D i,r 's were averaged over the whole NMR structure ensemble. D i,r is defined according to the relation (22) :
where V i,r is the exposed volume of a sphere of radius r (sampling radius) centered on atom i and V 0,r is the total volume of the same sphere. The sampling radius was set to 10 Å , which corresponds to the practical limit of the paramagnetic effect (7) . The probe radius, used for the computation of the macromolecular surface, was set to 3.7 Å corresponding to the TEMPOL molecular radius as calculated by using the MOLMOL software (23). For each C-H correlation, the entire ensemble of 20 NMR structures were analyzed and the averaged D i,10 is reported. For simplicity, the averaged D i,10 value is referred to in the text as D i .
Molecular dynamics
Several MD simulations were performed in explicit solvent starting from the lowest energy solution structures of the investigated RNA's (PDB codes: 1PJY, 1SY4) (17, 21, 24) by using the AMBER package (25) and the AMBER-99 force field (26) . Each RNA was centered in a truncated octahedron and the initial shortest distance between the RNA atoms and the box boundaries was set to 10 Å . Then, an optimal amount of sodium ions was added in order to generate a neutral system. The remaining box volume was filled with TIP3P type water molecules (27) . Water and ions positions were minimized with 500 steps of steepest descent plus 500 steps of conjugate gradient by keeping the RNA fixed. Then, the entire system was energy minimized with 1500 steps of steepest descent followed by 1000 steps of conjugate gradient minimization.
Then, each system was first equilibrated in a 20 ps run where temperature was gradually raised from 0 to 300 K. Hence, the equilibrated systems were simulated by keeping the temperature (300 K) and pressure (1 atm) constant. Thus, a weak coupling to external pressure baths was applied (relaxation time 1.0 ps) (28), while Langevin thermostat was used to control the temperature (collision frequency 1.0 ps À1 ) (29) . Bonds were constrained by SAHKE algorithm (30) . Non-bonded interactions were accounted by using the PME method (31) . An integration time step of 2 fs was used and trajectories were saved every 0.2 ps.
The backbone root mean square deviation (r.m.s.d.) of investigated RNA's over the MD runs ( Figure S1 , Supplementary Data) level off after equilibration periods shorter than 500 ps in all the cases. Thus all the subsequent analyses of the trajectories were carried out from 500 ps onward.
RESULTS
The stable HIV-1 frameshift site stem-loop
The frameshift site stem-loop RNA of HIV-1 is a highly conserved and very thermodynamically stable (T M > 908C) RNA domain ( Figure 1B) (17, 19, 32) . Due to its high stability and regular shape, it is a good initial model RNA to investigate the use of TEMPOL as a probe of RNA surface accessibility. 2D 1 H-13 C HSQC NMR spectroscopy is particularly suited for probing the macromolecular surface with TEMPOL, since the paramagnetic attenuation affects cross-peak intensities arising from covalently bound 13 C and 1 H nuclei that are very close in space (3). Furthermore, due to a favorable chemical shift dispersion, the aromatic CH correlations are suitable HSQC signals for delineating the accessibility of RNA structures. The TEMPOL generated PRE effects were analyzed for all the aromatic C2-H2, C6-H6 and C8-H8 correlations of the HIV-1 frameshift site RNA. The PRE values were quantitated as attenuation index (A i ) values, as described in the Materials and Methods section.
The TEMPOL induced A i values were mapped to the surface of the RNA, and also plotted graphically (Figure 2A and B) . The data correlate well with the structure of the HIV-1 RNA. The tetraloop and terminal ends of the RNA are more accessible than the A-form helical region, suggesting that 3D structure is the main factor modulating the surface accessibility of the RNA. Intriguingly, we noticed that the purine aromatic C8-H8 correlations have overall higher A i values than the pyrimidine aromatic C6-H6 correlations. Quantitation of atom exposure, expressed as 3D atom depth index (D i ) (22) values, confirmed that the purine C8-H8 groups are more exposed than the pyrimidine C6-H6 groups by an average value of 8% over the interior of the helix (residues 2-8 and 15-21). The agreement between the average atom depth (D i ) calculated from the ensemble of NMR structures and attenuation index (A i ) is shown in Figure 2C . In general, CH groups having high D i values, i.e. are close to the molecular surface, exhibit high A i . In contrast, CH groups more buried in the structure have low or intermediate A i values. This trend holds true even for nucleotides that have minor differences in atom exposure. For example, the first 5 0 nucleotide is more accessible than the last 3 0 nucleotide, even though they both reside at the helical end ( Figure 2B ). This is because the 5 0 aromatic carbon (1C8, D i = 0.786) is indeed more exposed than the 3 0 aromatic carbon (22C6, D i = 0.491), as indicated by its higher D i value ( Figure 2C ). This is in agreement with chemical acylation studies showing that RNA helical 5 0 ends are more accessible than 3 0 ends (33). However, anomalously high A i 's are observed for nucleotides in the tetraloop region (A10, A12, A13 and G14), which is a less ordered region of the structure (17) . In particular, the C8 groups of A12 and A13, corresponding to the 3 0 side of the tetraloop, are highly attenuated, even though they are well stacked and relatively buried within the ensemble of NMR structures. These data suggest that the conformational variation within the time averaged NMR ensemble does not reflect the true conformational dynamics of the molecule. The NMR structures of RNA loop regions are largely defined by NOE distance restraints ( 5 Å ), and the unstacking of loop nucleotides may go undetected by NOE methods, since such transitions may result in internucleotide distances >5 Å . The paramagnetic attenuation of the tetraloop nucleotides suggests a strong connection between accessibility and RNA conformational flexibility.
To further investigate the accessibility-flexibility correlation, we performed a 10 ns MD simulation on the NMR structure of the HIV-1 frameshift site RNA (PDB code: 1PJY) (17) . As expected, the root mean square fluctuations (r.m.s.f.) plot shows enhanced flexibility for the tetraloop and terminal nucleotides (Figure 3) . In contrast, the helical residues experience limited and homogeneous fluctuations, consistent with the high stability previously observed for this RNA stem (19) . By comparing the attenuation and the r.m.s.f. data ( Figures 2B and 3) , the correlation between accessibility and structural fluctuations is apparent.
The dynamic U6 intramolecular stem-loop
The U6 intramolecular stem-loop (ISL) is a highly conserved domain of the small nuclear U6 RNA ( Figure 1C) , and is involved in pre-messenger RNA splicing (34) . The NMR solution structure determined at pH 7.0 (PDB code: 1SY4) (18, 21) shows that the U6 ISL is comprised of two A-form helices separated by an internal loop containing a partially protonated C67-A79 wobble base pair and an unpaired U80 that is predominately stacked in the helix. The helix is capped by a GCAUA pentaloop that contains a sheared G71-A75 base pair and a 3 0 adenine stack, facilitated by the bulged nucleotide U74. Hence, this RNA alternates between structured and dynamic regions, enabling us to further investigate the relationship between accessibility and structural flexibility. Analyses of NMR line shapes and relaxation rates indicated that the U6 ISL RNA displays motions on both the ps-ns and ms-ms timescales (20, 35) . Furthermore, the U6 ISL undergoes a pH-dependent conformational switch induced by protonation of A79 (pKa = 6.5), which results in stabilization of the C67-A79 wobble pair and base flipping of the neighboring U80 nucleotide (20, 21, 35) . The C67-A79 wobble pair has a lifetime of 20 ms, and the base flipping of U80 occurs on an $80 ms timescale (20, 35) . Since the dynamics of this RNA have been previously characterized by NMR, it is an ideal model system for exploring the application of the TEMPOL PRE analysis in detecting RNA conformational transitions.
Since the pH-dependent conformational transition within the U6 ISL is directly correlated to the protonation state of A79 (35) , the accessibility studies were performed at pH 8.0 and at pH 5.7. These experimental conditions assure minimal interference from the other conformer (population < 10%) (20) . The TEMPOL PRE analysis was possible for 26/30 and 25/30 aromatic CH correlations, respectively, for the RNA at pH 8.0 and pH 5.7. The remaining resonances could not be reliably analyzed due to chemical shift overlap. The pH 8.0 attenuation profile ( Figure 4A and B) correlates well with the U6 RNA structure. Higher A i values are observed for the terminal nucleotides (62 and 85), the pentaloop and adjacent nucleotides (72-76; 71 was not measured due to spectral overlap), and the internal loop nucleotides (79 and 80).
Inspection of Figure 4C shows the good agreement between accessibility and atom exposure. All of the anomalously high A i values are associated with nucleotides located in the dynamic pentaloop and internal loop regions (residues 73, 75, 76 and 79). The greatest anomaly is found for the A79 C2-H2 correlation, which experiences the highest TEMPOL accessibility at pH 8.0, in spite of its relatively low exposure in the pH 7.0 NMR solution structure. The A79 C2 atom is directly adjacent to the partially protonated nitrogen (A79 N1). Interestingly, the dynamics of protonation (20) , as well as the relaxation rates for the base (35) suggest that A79 is indeed dynamic and must be accessible to solvent when unprotonated, although the solvent-accessible conformation could not be directly observed in the time-averaged ensemble of NMR structures calculated at pH 7.0 (20, 35) .
The conformational switch induced by lowering the pH to 5.7 caused changes in the TEMPOL PRE pattern which are mainly located in the internal loop region (Figure 5A and B). In particular, the most significant change is the large decrease in A i (1.1-0.5) detected for A79 C8. This is in agreement with the structure and thermodynamics at pH 5.7 (20) , which indicate that the internal loop structure is stabilized by formation of a protonated C67-A79 wobble pair at low pH, and that this base pair is fully stacked within the helix. Furthermore, an increase in A i (1.1-1.4) is detected for U80 C6. The A i value of 1.4 is consistent with an increase in the population of the baseflipped conformation for U80. As a comparison, the extrahelical U74 nucleotide experiences dynamics on the ps-ns timescale in a manner that is not pH-dependent (35) and has an A i value that does not change with pH ( Figure 5B ). Additionally, the A i values for the extrahelical nucleotides U74 and U80 are very similar at pH 5.7, and due to their extrahelical conformations, both nucleotides are also predicted to have high D i values ( Figure 5C ). Although the increase in A i for U80 correlates with an increased proportion of the base-flipped conformer at low pH, as expected (20) , the increase in A i for U80 relative to the pH 8.0 sample is less than might be expected, since the difference between the two measurements (0.3 A i units) is barely above the observed standard deviation ( Figure 5B ). This is likely due to the fact that the pH 8.0 A i value of 1.0 is relatively high, which may be reflective of the fact that a 3% population of based-flipped conformer still exists at this pH (35) . Relative to the 80 microsecond base-flipping timescale (35) , TEMPOL probing is very fast and results in irreversible PRE, allowing detection of even very transient populations. Therefore, the relatively small difference in A i values ( Figure 5B ) for U80 is likely to be due to the detection of the base-flipped conformer even when it is present as a minor poplulation. On the other hand, the low pH condition locks A79 into a protonated wobble base pair with C67, which results in a more pronounced difference in attenuation for the A79 C2 and C8 resonances ( Figure 5B ). The flipped out U80 nucleotide may help shield A79 from TEMPOL, which could further account for the large drop in attenuation for the A79 C8-H8 correlation.
The A79 C2 resonance has an anomalously high A i value at pH 8.0 (Figure 4C ), suggesting that it is much more exposed than its position in the NMR structure, which was previously determined at pH 7.0 (21). Furthermore, interpretation of NMR relaxation rates at this site are complicated by chemical exchange due to the rapid protonation equilibrium of the adjacent N1 group (20, 35) . Therefore, in order to gain a better understanding of the dynamic motions associated with the unprotonated A79 conformation, an 18 ns MD simulation was performed starting from the pH 7.0 solution structure (PDB code 1SY4) (21) using the condition described in the Materials and Methods section. A low stability for the simulated trajectory can be observed by analyzing the RMSD versus time plot ( Figure S1 , Supplementary Data). In fact, during the MD trajectory, a switch from an unprotonated, single hydrogen bond C67-A79 wobble pair to a single hydrogen bond C67-U80 pair (C67 amino to U80 O4) is observed at the beginning of the simulation. This conformation was stable for $3.5 ns, then underwent a base-pairing opening event for $3 ns and subsequently reached a new base-pair conformation containing a double hydrogen-bonded C67-U80 pair (C67 amino-U80 O4, C67 N3-U80 imino) that was stable until the end of the simulation (Figure 6 ). This variation in the internal loop structure left A79 unpaired but still stacked in the helix. However, the MD sampling was not able to reach a stable orientation for this nucleotide that sampled many alternative conformations during the last 10 ns of trajectory. This behavior was also observed for an 11 ns MD simulation on a longer U6 ISL sequence (PDB code: 1XHP) (36), which has given similar results ( Figure 6 and Figure S1 , Supplementary Data). In order to relax the internal loop structure in the best local minimum, 10 conformations were extracted at regular intervals from the last 10 ns of simulation. Subsequently these structures were energy minimized using the simulated annealing protocol summarized in Figure S2 , Supplementary Data. A comparison of the lowest energy MD-derived internal loop conformation and the lowest energy NMR solution structure is shown (Figure 7) . In contrast to the pH 7.0 NMR structure, the unprotonated (high pH) internal loop forms a base triple in which C67 is no longer planar and A79 is rotated $258 toward the minor grove. This conformation effectively increases the surface exposure of the A79 C2 group in a manner that is more consistent with the TEMPOL attenuation data (D 
DISCUSSION
RNA surface accessibility
Investigating how soluble paramagnetic probes approach protein systems has been shown to provide useful information on the dynamic processes occurring at the protein-solution interface (1) (2) (3) (5) (6) (7) (8) (9) (10) 14) . Here, the surface accessibility of RNA molecules characterized by different shape and dynamics was analyzed by evaluating the PRE generated by TEMPOL on conventional 2D NMR measurements. The present results show that TEMPOL approaches RNA surfaces more uniformly than proteins (1, 3, 6, 10, 13, 14) . In fact, the agreement between the paramagnetic attenuation and atom depths for helical RNA molecules ( Figures 2C, 4C and 5C ), suggests that the shape, local dynamics and composition of RNA molecular surfaces are more homogeneous than those of proteins. Furthermore, the high negative charge typical of RNA surfaces may hamper formation of transient aggregates, which have been shown to significantly modulate the surface accessibility of proteins (5, (8) (9) (10) .
However, we find that nucleotides residing in flexible loop regions show higher accessibility than the ones observed for helical residues of similar depth (Figures 2-5 ). This finding suggests that these nucleotides transiently unstack, increasing the exposure of the base to the bulk solvent. In many cases, such transient events may not be evident within NMR structures that are typically time-averaged and population-weighted ensembles. Recently, the transient unstacking of stable GNRA tetraloops has been observed using femptosecond timescale fluorescence spectroscopy (37) .
Detecting RNA conformational changes RNA conformational transitions are essential for ribosome and spliceosome function and play a significant role in recognition of proteins, RNA and ligands (38) (39) (40) (41) . Thus, studying RNA conformational dynamics is of primary relevance in understanding the correlation between RNA structure and function. However, investigating conformational changes in solution may be a complex and time-consuming endeavor. Hence, alternative methods able to map conformational transitions in RNA may be very helpful in complementing other investigation techniques. In the present report, we show that a small paramagnetic probe can detect a pH-dependent conformational switch in U6 RNA that has implications for spliceosome function and catalysis (20, 35) . The detailed pathway and associated energetics of this conformational change are unknown, but are driven by protonation of A79 (20, 35) . Here, we observe formation of the protonated C67-A79 pair causes large A i variations in the internal loop region ( Figure 5B) . Comparison of the TEMPOL probing data (Figures 4  and 5 ) support the hypothesis that the transition between the protonated and unprotonated U6 ISL proceeds through an intermediate structure that is protonated but has a more exposed A79 (35) . Interestingly, our MD simulation suggests a new conformation for the unprotonated U6 ISL internal bulge, in which the A79 base is rotated toward the minor grove, enhancing its solvent exposure ( Figure 7) . The MD simulation suggests that U80 is at least transiently involved in a base triple with C67 and A79. This may help explain the preference for this nucleotide to adopt a stacked conformation at high pH.
Further A i variations are observed for nucleotides flanking the U6 ISL internal loop (G77 and G78) that show enhanced TEMPOL accessibility at low pH. These nucleotides are in stable Watson-Crick pairs, and previous thermodynamic investigations indicate that the structure is even more stable at low pH (21) , dismissing the possibility of increased conformational flexibility for these nucleotides. Possibly, the modified molecular shape as well as the proximity of the highly dynamic loop nucleotides could increase the self-diffusion properties of the hydration layer surrounding these nucleotides, thus enhancing their accessibility to the paramagnetic probe (3) (4) (5) 42) .
Recently, we have demonstrated that TEMPOL probing can be used to detect the binding of a small molecule ligand to the surface of the HIV RNA (43) . Therefore, the TEMPOL probing method is well suited for probing RNA structure, dynamics and ligand interactions. 
